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Ever increasing demand of skyrmion manipulation in nanodevices has brought up interesting research to
understand the stabilization of these topologically protected chiral structures. To understand the actual shape
and size of skyrmion observed experimentally, we have performed micromagnetic simulations to investigate
skyrmion stabilization in presence of random anisotropy in magnetic thin film system. Previous experimental
reports of skyrmion imaging in thin films depicts that the skyrmion shape is not perfectly circular. Here we
show via simulations that the shape of a skyrmion can get distorted due to the presence of different local
anisotropy energy. The values of uniaxial anisotropy constant (Ku) and random aniostropy constant (Kr)
are varied to understand the change in shape and size of a skyrmion and an antiskyrmion stabilized in a
square magnetic nanoelement. The skyrmion shape gets distorted and the size gets constant for high random
anisotropy energy in the system.
Magnetic skyrmions1 are non-trivial particle-like con-
figuration of spins having topological protection. These
chiral magnetic textures were initially discovered in bulk
ferromagnets having non-centrosymmetry such as MnSi
and (FeCo)Si2,3 and further in ferromagnetic thin films
having broken inversion symmetry4–6. The nucleation
and propagation of an individual skyrmion in a nan-
otrack of magnetic thin films5–7 incorporates the fu-
ture importance of skyrmions in technological advance-
ments such as high density magnetic storage devices8.
Formation of skyrmions9–15 in thin films is prominently
due to the presence of Dzyaloshinskii-Moriya interaction
(DMI)16,17 in the system. Interfacial DMI (iDMI) is an
anti-symmetric exchange interaction which occurs at the
interface between a heavy metal (e.g. Pt, Ir, Ta) and
a ferromagnet (e.g. Co, Fe, CoFeB) due to the pres-
ence of large spin orbit coupling and inversion symme-
try breaking4,18,19. Another special type of skyrmion
known as the antiskyrmion was first predicted to exist
in systems having bulk DMI20,21 and has recently been
observed in Heusler compounds with D2d symmetry at
room temperature22. It has also been predicted that
magnetic thin films having anisotropic interfacial DMI
with C2v symmetry like Au/Co/W films
23 can also host
potential antiskyrmions24,25. The two dimensional spin
configuration of a skyrmion can be viewed as a hedgehog
model in 3D picture. The skyrmion is defined by a quan-
tized topological number of value ±1 which states that
the spins wrap a unit sphere for one time.
For a ferromagnetic system, the total energy (Etotal)
constitutes contribution from anisotropy of the system
(Eanis), exchange interaction (Eex), demagnetization
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(Edemag) and DMI (EDMI). It is expressed as
Etotal = Eanis + Eex + Edemag + EDMI
= Ku(sˆi.zˆ)
2 − Jij(sˆi.sˆj)− 1
2
µ0Hdemag.M
+ ~dij .(sˆi × sˆj)
(1)
where Ku is the uniaxial anisotropy constant, Jij and
~dij are the exchange constant and the DM interaction
vector, respectively, between ith and jth spin, Hdemag
is the demagnetization field, M is the magnetization, sˆi
represents the atomic moment unit vector for ith site,
and zˆ is the global easy axis direction26. The Landau-
Lifshifz-Gilbert (LLG) equation given by
dm
dt
= −|γ|m×Heff + α
(
m× dm
dt
)
(2)
is solved to minimize the energy of a ferromagnetic
system and obtain a groundstate configuration of spins27.
Here, Heff = −1/(µ0Ms)(∂Etotal/∂m), is the effective
field generated considering all the interactions, m is the
magnetization vector, α is the Gilbert damping constant
and γ is the gyromagnetic ratio.
FIG. 1. Schematic showing the random anisotropy behaviour
in a magnetic thin film system. The large red arrows show the
overall uniaxial anisotropy and the small blue arrows show the
dispersion in anisotropy giving rise to the random anisotropy
in the thin film.
Skyrmion generation in magnetic thin films is usu-
ally observed in systems with perpendicular magnetic
anisotropy (PMA). The thickness of the magnetic layer
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2needs to be near the spin reorientation transition (SRT)
thickness so that the anisotropy of the system is low.
The deposition of a thin film occurs by continuous ag-
glomeration of grains on a substrate. These grains differ
in size, texture and morphological characteristics. The
magnetic moment of individual grains may point in dif-
ferent direction due to the presence of different local
magnetic anisotropies. The spatial variation in local
anisotropies can bring sizeable effect in the stablization
of magnetic textures28–30. Recently we have discussed
the importance of random anisotropy in the formation of
360◦ domain walls in a magnetic thin film.28 Further we
have shown that a comnbination of random anisotropy,
dipolar interactions and uniaxial anisotropy it is possi-
ble to observe layer-by-layer magnetization reversal in a
ferromagnetic/non-magnetic/ferromagnetic system.31
Experimentally, the quantification of the randomness
in local anisotropies is very much challenging so far. The
schematic of randomness of local anisotropy in magnetic
thin film system is shown in Figure 1. The thin ferro-
magnetic (FM) layer is made of grains as represented by
yellow circles. The individual easy axis orientation of
these grains is shown by blue arrows which indicates the
dispersion in local anisotropies in the system. The overall
uniaxial anisotropy in the system is due to the contribu-
tion of all these local alignment of magnetic moments as
indicated by the red arrows.
The random anisotropy model was first proposed by
Alben et al.29 for amorphous ferromagnetic materials.
The average anisotropy constant for a thin ferromagnet
with grains having randomly oriented easy axis is stated
as
〈K1〉 = |K1|.
(
D
L0
)6
(3)
where K1 is the local magnetic anisotropy constant, D
is the average size of the grains and L0 is the ferromag-
netic exchange length29,32. The model considers that the
magnitude of local anisotropy for each grain is same for
each site. However, the spatial dispersion arises due to
difference in direction of local anisotropies. The model
also assumes that L0 is greater than D. The net energy
density (Etotal) given in Eq. (1) considering random ori-
entation of local anisotropies, will be modified to
Etotal = Eanis + Eex + Edemag + EDMI
= Ku(sˆi.zˆ)
2 +Kri(sˆi.rˆi)
2 − Jij(sˆi.sˆj)
− 1
2
µ0Hdemag.M+ ~dij .(sˆi × sˆj)
(4)
where Kri denotes the random anisotropy constant for
ith grain and rˆi denotes the local easy axis direction. The
LLG equation in our simulation is solved based on the to-
tal energy given in Eq. (4). The stability of a chiral spin
structure is greatly affected as the system attains the
minimum energy state. In this paper, we have tried to
understand the effect of random anisotropy for perpen-
dicularly anisotropic samples having interfacial DMI. Mi-
cromagnetic simulation provides an unique advantage to
quantify the random anisotropy along with the uniaxial
anisotropy in a system. The value of uniaxial anisotropy
constant (Ku) and random anisotropy constant (Kr) are
varied and the shape and size of stable spin configurations
of skyrmion and antiskyrmion are observed in detail.
FIG. 2. Formation and evolution of a Neel skyrmion from
initial ferromagnetics state for three different cases. In case
I (a)-(c), Ku = 0.8 MJm
−3 and Kr = 0 MJm−3. In case II
(d)-(f), Ku = 0.8 MJm
−3 and Kr = 0.1 MJm−3 (Kr  Ku).
In case III (g)-(i), Ku = 0.8 MJm
−3 and Kr = 0.8 MJm−3
(Kr = Ku).
The three dimensional micromagnetic simulations were
performed using Object Oriented Micromagentic Frame-
work (OOMMF) software developed at National Insti-
tute of Standards and Technology (NIST)33. In order
to incorporate interfacial Dzyaloshinskii-Moriya interac-
tion (iDMI) in the system, an extension module34 was
used in the simulations. The simulations were performed
for a 1 nm thick square nanoelement over an area of
200 nm × 200 nm. The value of Gilbert damping con-
stant (α) is 0.3 and the Gilbert gyromagnetic ratio (γ)
is −2.211 × 105 m A−1 s−1. The saturation magneti-
zation (Ms) is taken to be 580 kA m
−1, the exchange
stiffness (A) is 15 pJm−1 and the DMI constant (D)
to be 3.8 mJm−2. In order to understand the stabi-
lization of a skyrmion, isotropic DMI has been consid-
ered whereas for antiskyrmion, anisotropic DMI has been
used. The cell size was kept at 2 nm × 2 nm × 1 nm.
The thickness of the sample is sufficiently smaller than
the exchange length lex =
√
A
K ≈ 4.3 nm. The ran-
dom anisotropy is incorporated in the system by using
3Oxs RandomVectorField command which chooses a dis-
tinct direction for each local anisotropies. This direction
is governed by the value of Randomseed value used in the
simulations. We have studied five different set of simu-
lations where we have considered the Randomseed value
to be 1-5. The LLG equation for magnetization dynam-
ics is solved by Runge-Kutta method (rkf54). Periodic
boundary conditions (PBC) have not been used in the
simulations.
Figure 2 shows the formation and stabilization of a
Neel skyrmion in a square nanoelement. C∞v symme-
try in DMI has been considered here where the sys-
tem is invariant under rotations around the z axis and
only two non-zero coefficients remain of the DMI tensor
(D12 = −D21 = D). The nucleation process involves the
application of current with spin polarization of 0.4 along
−zˆ direction. The initial state is ferromagnetic and a
100-ps-pulse long current pulse with J = 8×108 A cm−2
is applied in a disk of radius r = 17.32 nm at the cen-
ter of the nanoelement. The system is further relaxed
to reach a stable ground state and the simulation stops
when dmdt < 0.01 deg is satisfied for all spatial points of
the simulation area. The stable state is reached when
the tilt in the magnetization vector per unit second is
less than 0.01 deg across all area. Any external magnetic
field is not applied during the simulations. Presence of
DMI in the system leads to continous rotation of spins
from +zˆ direction (blue colour region) to −zˆ direction
(red colour region) which makes it a skyrmionic state and
not a bubble domain state. The skyrmion size increases
or decreases depending on the energy contribution from
iDMI and magnetic anisotropy34–36.
The value of random anisotropy constant (Kr) has
been varied keeping the uniaxial anisotropy (Ku) con-
stant at 0.8 MJm−3 to understand the effect of random
anisotropy energy on the shape and size of the skyrmion.
Randomseed value has been taken to be 5. Three cases
have been considered here: Case I: Absence of random
anisotropy (Ku = 0.8 MJm
−3 and Kr = 0 MJm−3), Case
II: Magnitude of random anisotropy is significantly less
than uniaxial anisotropy (Ku = 0.8 MJm
−3 andKr = 0.1
MJm−3) and Case III: Magnitude of random anisotropy
is same as that of uniaxial anisotropy (Ku = 0.8 MJm
−3
and Kr = 0.8 MJm
−3). Figure 2(a)-(c) show the evolu-
tion into a skyrmionic state from an initial ferromagnetic
state for case I. The skyrmion size increases and reaches
an ideal skyrmionic state. In case II, shown in figure
2(d)-(f), the skyrmion size also increases. The change
in size of the skyrmion in case II is not large as com-
pared to case I since Kr is significantly less than the
Ku. However, the shape of the final stable skyrmionic
state is distorted as shown in figure 2(f). This change
in shape of the skyrmion is due to the inclusion of lo-
cal random anisotropy energy in the system. Distor-
tion in shape of a skyrmion has already been reported
experimentally37–40. This occurs due to inhomogeneity
in thin film system like random anisotropy, where local
anisotropy directions varies from one site to another. For
FIG. 3. Formation and evolution of an antiskyrmion from
initial ferromagnetic state for three different cases. In case I
(a)-(c), Ku = 0.8 MJm
−3 and Kr = 0 MJm−3. In case II
(d)-(f), Ku = 0.8 MJm
−3 and Kr = 0.1 MJm−3 (Kr  Ku).
In case III (g)-(i), Ku = 0.8 MJm
−3 and Kr = 0.8 MJm−3
(Kr = Ku).
case III, representated by figure 2(g)-(i), the skyrmion
size is remarkably small as compared to other two cases
due to high anisotropy.
We have also studied the formation of an antiskyrmion
in the same system. However, for antiskyrmion stabi-
lization, D2d symmetry in DMI is considered which is
anisotropic and also allows only two non-zero tensor co-
efficients (D12 = D21 = D). Again three cases have been
considered here: Case I: Absence of random anisotropy
(Ku = 0.8 MJm
−3 and Kr = 0 MJm−3), Case II: Magni-
tude of random anisotropy is significantly less than uniax-
ial anisotropy (Ku = 0.8 MJm
−3 and Kr = 0.1 MJm−3)
and Case III: Magnitude of random anisotropy is same
as that of uniaxial anisotropy (Ku = 0.8 MJm
−3 and
Kr = 0.8 MJm
−3). Randomseed value has been taken to
be 5. In case I, the size of the antiskyrmion size increases
and reaches a final stable state as shown in Figure 3(a)-
(c). The antiskyrmion size reduces and the shape gets
distorted with slight inclusion of random anisotropy for
case II (Figure 3(d)-(f)). The final stable antiskyrmion
size for case III is very small compared to other cases due
to high anisotropy in the system.
The effective size of the stable ground state of skyrmion
(Sk) and antiskyrmion (ASk) was measured for a range
of random anisotropy and uniaxial anisotropy energies.
The radius of a Sk or an ASk for a particular value of
Kr and Ku is averaged over the values obtained for ran-
domseed = 1,2,3,4 and 5. The value of Kr is varied from
4FIG. 4. Phase plot showing the effective skyrmion (Plot (a))
and antiskyrmion (Plot (b)) size with variance in Random
anisotropy constant (Kr) and Uniaxial anisotropy constant
(Ku). The red and blue circular dots represent the relative
size of skyrmions and antiskyrmions, respectively, normalized
to the maximum size (maximum radius of skyrmion and an-
tiskyrmion are 68.76 nm and 72.13 nm, respectively).
0 MJm−3 to 0.8 MJm−3 and the value of Ku is ranged
between 0.8 MJm−3 and 1.0 MJm−3. Figure 4 shows
the phase map of skyrmion size (shown in Figure 4(a))
and antiskyrmion size (shown in Figure 4(b)) i.e. the
effective radius of the texture at final ground state for
a wide range of Kr and Ku values. The radii of the
Sk and ASk for different Kr and Ku are represented by
the red and blue circular dots, respectively, whose size
vary relatively with the radius in the plot. For each dis-
torted state, a black and white image was extracted via
OOMMF where the spins in +zˆ and −zˆ direction are
represented by white and black pixels respectively. Spins
having zero or some −zˆ component in their direction are
also considered as black pixels and spins having +zˆ com-
ponent in their direction are represented by pixels with
intermediate colours. Using color threshold method in
imageJ software, the intermediate colors between black
and white are thresholded to white pixels. The number
of black pixels are then counted using histogram. The
area of black pixels is then calculated in nm2 and the
radius of the chiral texture is formulated.
It is observed that the size of the Sk and ASk decreases
with increase in magnitude of the uniaxial anisotropy of
the system. The randomness in anisotropy which is in-
corporated using an extra random anisotropy constant
(Kr), is fixed along a particular direction for each lo-
cal sites. This particular unit vector representing the
direction of random anisotropy can have arbitrary com-
ponent of x, y and z directions. For an ideal case, con-
sidering only uniaxial anisotropy, the Sk and ASk are
starting to evolve from initial ferromagnetic state repre-
senting spins along +zˆ(blue colour) and −zˆ(red colour)
which are the easy axes directions. In presence of an ex-
tra anisotropy i.e. random anisotropy having comparable
strength (0.6− 0.8MJm−3) with the uniaxial anisotropy
along some other direction, the Sk and ASK sizes do not
vary much with increase in uniaxial anisotropy as shown
in the plot.
The stability of a skyrmion from an initial ferromag-
netic state in the presence of random anisotropy has been
studied here via micromagnetic simulations. The size and
shape of a final stable skyrmionic state is largely affected
by the inclusion of localized random anisotropy energy
in the system. In a real thin film system with PMA, the
grains have slightly different local anisotropic directions.
However, it is very challenging to quantify the value of
anisotropy value for each local sites. Micromagnetic sim-
ulations provides us a great advantage to understand the
effect of random anisotropy on skyrmion statics. In pre-
vious experimental observations of a skyrmion, it has to
be noted that the skyrmion shape is not perfectly sym-
metric. In our simulations, we have elucidated that con-
sidering random anisotropy in a system the shape of a
skyrmion is getting distorted. The values of Kr and Ku
have been varied within experimental feasible range and
the stabilization of Sk and ASk is studied. The size of
the Sk and ASk reduces with increase in Kr for low uni-
axial anisotropic samples (Ku < 0.85 MJm
−3). For high
anisotropic samples, the Sk and ASk size increases when
random anisotropy is added in the system. From the
phase study of Sk and ASk size, it is seen that when the
random anisotropy is very high in system, the change is
skyrmion size is not noticeable. Further, the size and
shape distortion of a skyrmion may depend on the per-
centage of randomness in anisotropy present in a sys-
tem. Therefore it is important to look at this aspect
from experimental point of view. Attention must be put
to prepare thin films with less roughness and homoge-
neous growth so that the random anisotropy will be min-
imal. By minimizing the random anisotropy we can get
the skyrmion shape to be circular to avoid any spurious
effects which hinders technological applications.
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